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This research began on the simple premise that since channel segregation is a consequence

of natural convection ("thermo-solutal" or "thermo-haline") suitable mold movement during the

course of alloy solidification should prevent or reduce the incidence of well-defined channels ("A"

segregation or "freckles"). The P.I. frequently suggested this to John Hunt during the latter's

pioneering research in the late 1960s, but it was not taken up at that time. After a decent period of

some 10 years (1970-1980) it seemed more than timely to pursue the matter further.

The work began with Alex Sample as an undergraduate assistant in 1981, continued as he

progressed to an MS graduate student (1982-1984), followed, over the years, by Joe Sarazin (1984-

1990), Jinsung Jang (1987-1990), and Scott Steube (1990-), with a contribution from a visiting

scholar, Fang Dacheng (1985-1987). Numerous undergraduates contributed duriqg summer

periods. Joe Sarazin and Scott Steube also entered the program in this way.

The initial idea proved to be correct, it being demonstrated that with a slow (< 10 rpm)

precession about an inclined axis (= 30 ° to vertical) base chilled castings of the transparent NH4C1-

H20 analogue solidify without the usual chemical segregation (Ref. 1). It was subsequently shown

that the same was true of metal ingots, using the Pb-Sn system (Refs. 2 and 3) and, indeed, that

here was simple method of preventing channel or freckle formation (Ref. 4).

While the original idea worked in practice, the actual mechanism by which it operated was

less obvious. At that time, it was supposed that channels developed within the mushy region of a

casting and somehow found their way to the growth front, emitting plumes of solute rich liquid.

Analyses purporting to explain how this happened were propounded by Flemings, Moore, Beech,

and coworkers. But, one does not drain a swamp by digging ditches in the middle, rather by

making an opening or breach at the edge -- i.e., at the growth front -- from which liquid can escape.

It was shown that this was the case by starting channels with induced plume flow above the



channelmouths,but fall andcollect within thechannelto form a local equiaxeddebris. This

explainsthepolycrystallinestructureof freckleswhichareto beseenondirectionallygrownalloy

specimens.SeeRefs. 14and18.

Observationof theseconvectionpatternscontinuallyemphasizedtheimportanceof plume

flow in transportingripeneddendriticfragmentsinto thebulk liquid,wheretheybecomepotential

equi-axedgrains. In thisconnection,it wasinstructiveto usetheaqueousNH4C1systemto study

grainformationin long,inclinedmolds,with sidechill, therebystimulatingthegeometryof asteel

continuouscaster.Usingthisarrangementandmakingcarefulextrapolationof physicalproperties

andthermalconditionsto steel,it waspossibletopredictequiaxedgrainsizesincontinuouslycast

steelstrandswhichagreedverycloselywith observation(Refs.15and16).Furtherstudiesof grain

structureincontinuoussteelcastingshavecontinued,inconjunctionwith theInlandandU.S.Steel

Companies.This is heavywork,but somethingwill bepublishedin duecourse.

Following this, it seemedpromisingto seeif it would be possibleto correlatedendrite

ripening and fragmentationwith transport of such crystal fragments into open liquid by

convection,andto follow their survivalandgrowthto produceequiaxedgrains,subsequentlyto

causethecolumnar/equiaxedgraintransition.Thiswouldprovideaphysicallyrealisticalternative

(Ref. 17) to current modelswhich describeequiaxedformation on a basisof heterogeneous

nucleationonunidentifiedsubstrates(Oldfield, Stefanaseu,Dantzig,Rappaz,andothers). This is

thecurrentpreoccupation,withcontinuingsupportfrom NASA (NAG-3-1462)andfrom theNSF.

All of thisseemsto havetakenalongtime(12-13years!)andtohaveusedupasignificant

sumof money. Evenso,it hasto besaid,that westill arenot yet able to predict, specifically,

numerically,whetheror not therewill occurchannelsegregationin a given situation. That is a

rather lame admission. Partof theproblemis connectedwith the mathematicsof handlingthe

perturbationanalysiswhich relatesthedendriticboundarylayer at the growth front to the bulk

openliquid, and,simultaneously,to thetrappedinterdendriticliquid. Theprobablewavelength

of sucha perturbationis nowthoughtto becloseto thatof theprimarydendriticspacing(--D/V),

aswassuggestedin Refs.3, 10,and 14,but thepermeabilityanddepthof the mushyregionare

complicatingfactorswhich arenot fully understood:Poirieris concentratingon thelatter.



What couldbeclaimedfrom theprogram,here,at MichiganTech,is that wehaveshown

thefollowing:

1. Suitable,slowprecessionalmovementof amold,duringsolidification,causesthepartly

solidmaterialto translatewith respectto theopenliquid (the latteris stationary)in such

awayasto inhibit channelformation.

2. Channelsoriginatebya perturbationin thebulk liquid, closeto thedendriticgrowth

front anddevelopbackwardsinto themushyregionlike adrainagechannel.Mold

movementdisturbsthisconvectionby sweepingthebulk liquid acrossthefront (actually

thereverse),ratherasacrosswind preventssmokefrom comingoutof chimney.

3. With sufficient solutalbuoyancy,channel/plumesoccurin all alloy systemswherea

dendriticmushyregiondevelops,althoughmoltenionic saltsystemshaveproved

obstinate.Thedimensionsof thechannelsareremarkablysimilaracrossthreeordersof

Prandtlnumber.

4. Measuredflow ratesfor aqueousandorganicmaterialshavebeenanalyzedandare

compatible,sothatextrapolationof themodelanalysisto opaquemetalsseemsto be

justified, predictingchannelflow ratesin the latterof around10cms/s.

5. Thepolycrystallinestructureof frecklesinsuperalloys,or similar, isexplicablein terms

of thesettlingof ripeneddendriticfragmentswithin openchannelsin thedendriticmushy

region.

6. Theimportanceof channel/plumeflow asa transportmechanismfor crystalfragments

hasbeenemphasized,andmayleadto amorephysicallyrealisticmodelto predictthegrain

structureof castings.
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